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PREE'ACE 

This paper was originally presented at the Seventh AXP Tripartite 

Conference, U, S. Naval Ordn~~ce Laboretory, White Oak, Maryland in April, 

1956. Subsequently, D. J. Hi~z of the Ballistic Research Laboratories has 

obtained additional data which appear to corroborate statements made in 

the paper. A brief discussion of his results is included as &n Addendum. 
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BALLISTIC RESEARCH LABORATORIES 

MEMORANDUM REPORT NO. 1019 

BFAr.mendt/JSperrazza/plg 
Aberdeen Proving Ground, Md. 
July 1956 

AIR BLAST MEASUREMENTS AROUND MOVING EXPLOSIVE CHARGES, PART III (U) 

ABSTRACT 

Air blast measurements have been made around 3/8 pound bare spherical 

charges detonated while moving at supersonic velocity. Experimental peak 

pressure data are presented and are compared to a theory based on the law 

of conservation of momentum. Agreement between the theory and experiment 

appears to be satisfactory. The conclusion, based on this theory, is that 

the velocity effect will probably be of more significance for· relatively 

small charge weights, and/or at high altitudes. 
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INTRODUCTION 

Since most warheads containing high explosive are in motion at the 

instant of detonation, it is of interest to study the effect of this motion 

on the air blast produced by the weapon. This "velocity effect" was first 

noticed during aircraft vulnerability firings in the United States and Great 

Britain, and also during Swiss firing trials (1) of 20mm Oerlik.on anmlunition 

against box structures. It appeared that the detonating shells caused an 

increased amount of damage in the direction of motion, and a decreased 

amount~ in the opposite direction. Vari.ous explanations of the velocity 

effect ha.ve.been advanced (2,3,4) but evaluation of these t:t;teories required 

quantitative data. Therefore, in 1952 experiments were begun at the 

Ballistic Research Laboratories for the purpose of providing these data. 

It was felt tha.t the data could be obtained directly by 

1. projecting an explosive at a desired ter.minal velocity, 

2. detonating the explosive at a desired position in space, and 

3. measuring the blast around the detonation. 

Early work was performed by Patterson and Wenig (5), who, after great diffi

culty, succeeded in projecting a bare sphere of explosive at supersonic 

velocity and detonating it in flight, thua for.ming the basic experimental 

procedure which has since been used in all moving charge exper:iJnents at the 

Ballistic Research Laboratories. Unf'ortunately, the air blast data Obtained 

at that time was only qualitative, because of the state of development of the 

instrumentation.. The experiments were continued in 1954 by Armendt (6) with 

only minor modifications: in procedure, and resulted in the collection of 

~what better data, but still insufficient to establish any rigorous theory. 

Further experiments ha.ve been conducted and have led to the establishment of 

a theory by which the behavior of the shock wave produced by the detonation 

of a moving charge may be explained in part. 

7 



EXPERIMENTAL PROCEDURE 

Projection of the Charge 

The first step in the construction of the moving charge experiments 

was to choose the type and size of charge and to find same means of projecting 

· it at high velocity. Since even a light metal case on the charge produces 

fragments of a size and velocity sufficient to interfere with air blast 

measurements, it was_ decided to u~e a bare charge. Because of the symmetry 

of shock waves produced by spherical charges, a spherical shape was chosen. 

A number of devices for projecting the charge were suggested, but all were 

abandoned in favor of a conventional cannon. The caliber, and therefore the 

charge weight of 3/8 pound, was dictated by the large ,surplus of 57mm guns. 

The rifling was bored out, resulting in a amoothbore gun of bore diameter 

2.293 inches. Charges were made to fit this bore with a small clearance. 

Having settled on the 57mm smoothbore gun and the 3/8 pound bare 

spherical charge, the problem remained to project the charge from the gun. 

After a great deal of experimentation (5), Patterson succeeded in projecting 

3/8 potind, bare spheres of Composition Bat a velocity of about 1700 to 1900 

feet per second. For this, he used a propellent charge of 8 ounces of type 

5316 powder confin~d in an M23-A2 57mm brass cartridge case, and a sabot 

consisting of 3 ounces of absorbent cotton in three separate wads. The 

.main problem was charge breakup, which occurred on about 40% of the shots. 

More recent work by Armendt (7) r.esulted in a lower percentage of charge 

breakup, due to the substitution of fiberglas-reinforced Pentolite for the 

Composition B used by Patterson. The reinforced Pentolite has been utilized 

in all recent expe~imental work. 

Detonation of the dharge 

After the changes had been successfully projected from the gun, 

attention was turn~d to the problem of detonating the charges while in 

flight and at a desired position. A number of schemes were tried and the 

one finally settled upon is as follows. The charge is cast in a spherical 

form with a cylinfulical well extending into the charge about 2/3 of the 
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diameter. (See Figure 1.) In the bottom of the well is placed a tiny bit 

of Composition C-3 and an M-18 tetryl booster to insure high order detonation. 

Next comes an M-36 electric detonator. Across the leads of the detonator is 

placed a amall coil made of number 28 copper wire wound on a short length of 

iron rod. All spaces are carefullJ packed with Composition C-3 to prevent 

the setback forces, eXperienced upon firing, from dislodging any part. The 

charges fuzed in this manner are f~red from the gun through a screen wound 

with number 40 copper wire. The screen is placed just in front of a 

stationary coil consisting of three turns of number 4 copper wire approximately 

7-1/2 inches in diameLer. As the charge passes through the screen and into 

the stationary coil, the wire screen is broken, triggering an electronic circuit 

which causes a large condenser to be discharged through the stationary coil. 

The resulting "pulsed" magnetic field induces a current in the small coil inside 

the charge, which flows through the electric detonator and detonates the charge, 

If the orientation of the small coil is unfavorable, insufficient current may 

be induced and the charge may not fire. 

Locating the Point of Detonation 

Since the accuracy obtained with the smoothbore gun is not particularly 

good, and since the magnetic induction system of detonating the charge is not 

perfect, the point at which detonation occurs will rarely be exactly at the 

point desired. If the data are to be meaningful, it is necessary that the 

point of detonation be located fairly accurately. Therefore, two cameras 

e~uipped with 1-microsecond electronic shutters were placed 90 degrees apart . 
and 10 feet from the desired point of detonation. When the charge detonates, 

a photocell device triggers the cameras, taking a picture of the luminous 

shock wave. By triangulation, the position of the charge at the instant of 

detonation can be located to within about 1/4 inch. A typical photograph 

of the detonating charge is shown in Figure 2. 

Measurement of Charge Velocity 

The .velocity with which the charge is projected is measured as· follows. 

After the charge leaves the muzzle of the gun and before it passes thropgh 

the stationary coil where it is detonated, it passes through two wire screens 

wotmd with number 40 copper wire placed about 8 feet apart. Breakage .. of these • 

9 
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screens starts and st~ps an electronic counter chronograph, thus measuring 

the time necessary tol traverse this interval. From this measurement, the 

average velocity over! the interval can be calculated. 

I 

Air Blast Measurement~ 
i 

In the earlier wprk by Patterso~ and Wenig, and also by Ar.mendt, the 

peak pressure and pos~tive impulse of the shock wave produced by the 
i 

detonation of the mov~ng charge were .measured by five pancake-type side-on 

pressure gages placed, at different points around the detonating charge. 
I 

It became evident, however, that mor~ instrumentation would be required if 

useful data were to b~ obtained. Therefore, in recent experiments, a total 

of twelve side-on pre~sure gages, each spanned by a pair of face-on "velocity" 
I gages, have been used!· (See Figure 3.) The side-on gages were placed at a 

distance of 2.71 feet: from the desired point of detonation, and at angles of 
0 4 0 0 0 ' 0 0 15 , 5 , 75 , 105 ; 135 , and 165 from the direction of motion of the charge. 

The electrical output of each of these aide-on gages was amplified and dis

played on an oscilloscope. The face of the oscilloscope was photographed by 

a streak camera in wh~ch the 35mm film was moving approximately 1.25 inches 
I 

per millisecond. Sui~able timing marks were also recorded on the film, 

providing a time calibration. 

When the charge detonates, the initial burst of light from the luminous 

shock wave is seen by: a photocell device which triggers the cameras, as was 

previously mentioned.! This same photocell device also starts.twelve electronic 

counter chronographs. When the shock wave frbm the detonating charge reaches 

the first velocity ga~e at one of the twelve .measuring positions, the chrono

graph corresponding tb that position is stopped, giving a measure of the time 

of arrival, and a second counter chronograph is started. The shock wave 

sweeps past the first! velocity gage, over the side-on pressure gage and finally 

reaches the rear veloFity gage which stop-s the second counter chronograph. 

This second chronograph has now .measured the time necessary for the shock to 

traverse the intervali between the 1\!elocity gages, from which the average 

shock velocity over ~he interval can be calculated. Knowing the average 

shock veiliocity, the p~ak pressure at the center of the interval can be 

calculated by the Radkine-Hugoniot relation: 

12 
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where: 
I 

y'2 
(:_'"2 - 1) 
c 

P
6 

= pe~ exces~ pressure 

P = a~~eric pressure 
0 

1 = rat~ of specific heats fq~ air 

V = ehc$. veJ.oci ty 
I 

c = sourfl. veJ.or¢ity 

Thus the 24 counter ol:1ranogra.phs, 24 ve.lSC'lty gages, and the photocell device 

.make up a system. which can Jlieasure the abrio.k arrival time., ahocj. veloeity, 

and peak excess press:Ure at- twelve locations. around. the detonating charge ... 

DATA. 

Summa.ries of the experimental data reported in references 5 and 6 are 

repeated in Table I ~d. tt under appropriate la.bels, MOre recent data have 

been obtained with the ex:perimental setup described above. For the pu:rposes 

of discussion, these _4ata are separated int<> two parts, the T:JJne of Arrival 

Data and the Peak Pre~s'\ll'e. Data., 
I 

Time of .Arrival Data ' 

The time of arrival data which were Obtained are shown in Table III. 

It was hoped that the151e data would tell whether the sbdck wave from a charge 
' ' . 

detonated whUe lllOV~ was distorted in a:n.y we:y 1 or r~:ined spherical. The 

analysis of ·the data :r:)roceeded as follows~ it was noticed that, for a given 

gage position,. altho~ the deviations in distance tram. the charge resulted 

in conf!iderable varia~icn in them~ tin1e of' a.rrivaJ., the deviations in 

angle did n~t. ~ereiore, the angula_r deviations weee neglected, and the 
. 0 0 . 

nominal angles {i.e., l5 , 45 , etc.) were used. This approxil:rla.t:l,on is. con~ 

sidered satiaf'actory,. la.pd greatly simplifies the anaJ.ysis. 
I 

·OVer the small ~te.rvalij of distance involved, it wa.a .assumed that 

the shock veloaity wa.~ OOllata.nt, ~ therefore, linear least square fits 

were made to the time I of arrival data..- · The equations f'or.~:these least sqU4re 

lines are aJ.so shown. in,. Table III. In order to deter.mine the shape of the 

shock wave, these equ4t1ons were solved for R ( distance fram the charge) 
I 

i 14 
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using values of t (time of arrival) equal to 400, 550, and 700 microseconds. a 
The results are plotted in Figure 4. 

It appeared that the points fell on a circle whose center was shifted 

in the direction of motion of the charge. Because of the significance of 

. this result, it was carefully checked by both analytical and graphical 

methods, but the answer was the same. Therefore, it can be said 1 that, with

in the experimental error, the shock wave produced by the detonation of a 

moving, spherical charge remains spherical, but that the center of the sphere 

moves in the direction of motion of the charge prior to detonation. 

Peak Pressure Data 

The peak pressure data obtained from seven rounds are shown in Table 

rv, under "Experimental Data for Moving Charges." The mean velocity. of the 

seven rounds was 1760 feet/second. 

The positive impulse data obtained in the recent firings have not yet 

been reduced, and therefore, no additional data on positive impulse will be 

presented at this time. 

THEORY 

Thornhill and Hetherington (3) predicted that, close to the surface 

of a moving charge, the shock velocity, and thus inference of the peak 

pressure, could be approximated by vectorial addition of the shock velocity 

for the stationary charge and the ter.minal velocity of the moving charge. 

Time of.arrival measurements, discussed above, indicate that the same rule is 

applicable to the expanded shock wave, if the velocity of the center is sub

stituted for the terminal velocity of the charge. 

Since the radial velocity of shock waves from stationary charges has 

been measured, it is seen that the position and velocity of the shock front 

could be described if the velocity of the center of the shock were known 

as a function of time. 

The velocity of the center of the shock wave at any time can be 

predicted by application of the principle of conservation of linear momentum. 

Thus the momentum. of the explosive prior to detonation is set equal to the 

momentum of the explosion gases and air contained by the spherical shock, it 

15 
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being assumed that the average velocity of all the contained gases and air 

is that of the center of the sphere. 

Let 
M = weight of explosive (lbs) 

e 
Ma = weight of air contained by the spherical shock (lbs) 

V = terminal velocity of the explosive (ft/sec) 
0 

V = velocity of center of shock wave (ft/sec) c 
d = radius of spherical shock wave (feet) 

r = radius of spherical shock wave (charge radii) 

a - charge radius (feet) 

Pa = density of air (lbs/ft3) 

Pe = density of explosive (lbs/ft3) 

Neglecting the mass of air displaced by tbe explosive charge, application of 

the law of conservation of linear momentum gives: 

M V (M + M ) V = e o e a c 

or 
M v 

vc 
e 0 = 4 

M +- 1( p e 3 a 

Since 

Equation (la) reduces to: 

v 
0 v =-----

c Pa 3 
1 +- r 

Pe 

d3 

(M 4 p d3) vc = +-n: e 3 a (1) 

(1 a) 

(2) 

(3) 

Therefore, at a time when the radius of the shock wave is equal to r, the 

velocity of the center of the shock wave is given by equation (3). The dis

tance that the center has traveled (in the direction of original charge 

motion} from the point of detonation at any time t is: 

t 

rc =[ 
0 

v dt. c 

17 
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Referred to a st~tionary frame the shock velQcity on the surface of 

the .spherical shock ~ve prOduced by the moving charge becomes (see Figure 5): 

·Where: 

ltm = shock velocity at distance r and angle from line of flight ¢ 
for mov~g charge. 

-7> 
U = shock ve].ocity at distance r for stationary charge. s . 
¢ = angle fr¢m line of flight (referred to center of shock wave). 

Once the shock velocity is known, the peak pressure can be found. 

Ordinarily, the 4istance r and angle ¢ from the center of the shock 

wave are not known, ~asurements being made from the point of detonation. 

(See Figure 6.) Therclfore, the quantities known are Rand e, and, by 

integration, r • The 'dista.nc.e and angle from the shock center can be found c 
by.: 

R = r cos 9 + (r2 
- r 2 sin

2 
9)

1
/
2 

c c (5) 

sin ¢ = ~ sin 9 

Thus far, no stm»le scheme has been found for scaling the various 

parameters associated with the velocity effect, such as altitude, charge 

weight, charge velocity, etc. Therefore, rather lengthy computation is 

necessary to obtain theoretical values of the peak pressure at various 

points around a given point of detonation, since each case .must be considered 

individually. These oalculations have been made for the conditions obtaining . 
for all of the experiMental peak pressure data shown in Table IV. The results 

are shown in Table IV under "Calculated Data for Moving Charges." 

For the purpose of comparing the theory with the experiments, the 

ratios of the theoretical peak pressures to the experimental peak pressures 
I 

have been taken, and are also shown in Table IV. The mean value of the ratios 

is .991 with a standatd .deviation of ttie individual of 11.5%· Examination 

of these ratios has d:lscl,osed no. systematic error, and it is concluded that 

the theory adequately r approximates the expe:r:l.m.ental results. 

18 
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The positive ~ulse in the shock wave from a moving charge is known 

to be enhanced in thd direction of charge motion {see Tables I and II), but 
I 

no simple scheme for prediction of the enl::umcement has been suggested .. It 

is hoped that recently obtaL~ed data, now in the process of being reduced, 

will throw same light on the subject. 

COMM:ElfrS 

The conclusion :tis that the theory advanced appears to predict the 

effect of charge motiOn ~ the peak pressure in the. shock wave produced 

when a moving spherical. cha,rge is detonated. Furthennore, if this theory 

is correct, it is see~ that the velocity effect would be of greater 

significance for rela~ively a:ma.ll c~arges.. With nucl.ear warheads, for 

example, the velocity! effect would be of little consequenc~, since at 
I . 

the peak pressure levbls where the velocity effect might cause some 

enhancement of damage, the mass of air contained by the shock wave would 

fa.r outweigh the orig:Lnal warhead. Only if the weapon were detonated 

outside the atmospher~ and/or if the warhead were .moving at very high 

velocities would the ~el~city effect be even seasurahle. 

A great deal of work remains to be done before the velocity effect 

can be campletely understood. As previously mentioned, the behavior of 

the :positive impulse req~res explanation~ Before the peak pressure theory 

described above can be considered as established, further experiments 

utilizing higher charfie velocities and greater charge weights are necessary. 

High altitude exper*nts are especially d9i31rable, since it is expected 

that the velocity eff$ct Will be of much greater significance for ~ow 

atmospheric pressures~ In addit~, the effect of a metal casing on the 

velocity effect must ~e investigated, since warheads are. ordinarily cased. 

B,F. A~ 

B '! F • .ARMmlllD1' 
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TABLE I 

SUMMARY OF EXPERrnENTAL DATA FROM BRLM 767 

2.36 feet from a 3/8 pound bare, spherical Composition B charge 

Charge Velocity 0 ft/sec 1982 ft/sec 

Angle from Line of Flight 

15° 45° 105° 

Peak Pressure (psi) 73 109 87 55 

Positive Impulse (psi-ms) 7·8 14.4 13.0 7.0 

TABLE II 

SUMMARY OF EXPERDiENTAL DATA FRC!4 BRLM 900 

2.71 feet from a 3/8 pound bare, spherical Composition B charge 

Charge Velocity 

Peak Pressure (psi) 

Positive Impulse (psi-ms) 

0 ft/sec 

67.3 

8.1 

21 

1753 ft/sec 

Angle from Line of Flight 

91.0 

10.2 



TABLE III 

TJNE OF ARRIVAL DNJ!A 

Type of charge - 3/8 pound bare, spherical charges of fiberglas-reinforced 
Pentolite 

Mean velocity of charg~s - 176o feet/second 
0 Na:mfnal angle f'rQtn line of flight =- 15 

Distance Arrival 
Round · from Charge Time 
No. ~fe~t) (1-ls) 

534 2.66 468.8 
2.71 460.6 

578 2.69 443.1 
2.69 452.5 

582 2.,6 419~4 
587 2 •. 5 382.5 
588 2.jr:; . 468.1 
590 2.p3 383.1 

2.58 428~1 

Least square fit: 

t = 517.1 + :;88.2 (R- 2.846) a 

Distance Arrival 
from Charge Time 

~feet) ~flsl 
:;.16 628.8 
;.21 66:;.1 
:;.19 635.6 
:;.19 624.4 
:;.o6 585.7 
2.95 56:;.8 

:;.o:; 556.9 
:;.o8 6o6.2 

t = time of arrival (1-ls) a 
R ·= distance from charge (feet) 

Nomjina.1 angle from line of flight = .45° 

Distance Arrival llistance Arrival 
Round from Cha.rge Time from Charge Time 
No. {feet) (J.l.S ). (feet) ~ flS l 
534 2.69 478.1 :;.19 686.2 
549 2.8o 470,0 :;.30 701.3 
578 2.62 477·5 ;.12 676.3 
582 2.fo 402.5 ;.oo 584.4 
587 2 •. 9 415.0 2.99 598.1 

2.43 ,388.1 2.93 566 .. 9 
590 2.!59 4:;8.8 ;.09 621.3 

Least square fit : 

ta = 536.o + 378·V<R - 2.8~7) 

22 



TABLE III (continued) 

Nominal angle ±'rom line of' ±'light = 75° 

Distance Arrival Distance Arrival 
Round from Charge Time from Charge Time 
No. (feet) (fls) (feet) ~ f.lS) 

. 534 2.62 533.1 3.12 748.7 
549 2.37 406.9 2.87 573.8 

2.59 5)0.6 3.09 731.2 
578 2.52 1+65.0 3.02 643.1 

2.54 l.j-l.j-(),0 3.04 661.3 
582 2,45 '

1

i- 3~~ ~ l 2.95 621.9 
2.52 1+66.3 3.02 668.2 

587 2.50 457·5 3"00 655.0 
2.42 421.3 2.92 623.2 

588 2.69 516.9 3.19 707.5 
2.)7 1+19.4 2.87 591.3 

590 2.40 390.6 2.90 581.9 
2.57 1+78.8 3.07 676.9 

Least square fit: 

t = 555.5 + 398.5 (R- 2.755) a 

Nominal angle from lbe of flight = 105° 

Distance Arr::..val Distance Arrival 
Round from Charge Time from Charge Time 
No. ~feet) (fl8) (feet) ( flS) 

549 2.59 530.0 3.09 747.5 
578 2.40 447.5 2.90 653.8 

2.42 475.6 
582 2.47 500.0 
587 2.50 5rr: .. 3 ),00 714.4 

2.42 4TL.9 2.92 696.3 
588 2.58 497·5 3.08 708.1 

2.24 417.5 2.74 611.3 
590 2.35 447.5 

2.52 510.6 3.02 726.2 

Least square fit: 

t = 568.1 + 403.6 (R - 2.662) a 

23 
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TABLE III (continued) 

Nominal .angle fram line of flight = 135 0 

Distance Arrival Distance Arrival 
Round from Charge Time from Charge Time 
No. (fe~t) (IJ.s) (feet~ ( j.!S ~ 

549 2.13 387.5 
578 2.$1 466.9 
582 2.$7 467·5 2.87 693.8 

2.42 511.2 
587 2.43 505.0 
588 2.43 475·0 

2.18 415.0 
590 2.14-f!) 507.5 

Least square fit: 
I 

ta ·= 492.2 + 399·f (R - 2.399) 

Nominal angle from line of flight = 165° 

Distance Arrival Distance Arrival 
Round from Charge Time from Charge T::lme 
No. (feet) ( IJ.S) ~feet) (1-16) 

534 2.f=7 440,0 2.77 65).8 
549 2.~5 452.5 2.75 64).1 
578 2,~, 467·5 2.73 673.8 

2. 4 476.3 
582 2.';;7 535.0 2.87 756.9 

2.j9 530.0 
587 2.48 560.0 2.98 791.3 

2.45 538.1 
588 2.29 474.4 2.79 676.3 

.. 2.19 439.4 
590 2.,5 49).8 2.85 -734.4 

2, 0 527·5 

Least square fit: 

t = 571.8 + 431.7 (R - 2. 506) a . 

. 24 
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Zl::F£RD= !lAT.'. FOR ~·IDVIlG Cl!A.l\GES 

'?ype o:f" c.h.ar.ge - 3/8 pound Dare sphere of" f".lber~ss-rei.nf'arc:ed Pentolite 
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ADDENDUM 

In the section oin "Time of Arrival Data," page 14, the statement wa.s 

.made that the shock wave produced by the detonation .of a moving spherical 

charge remains spher~al, but the center of the sphere moves in the direction 

of motion of the cha~ge prior to detonation. This statement was supported by 

·experimental data ob~ined with twenty-four time-of-arrival gages. Assuming 
I 

that the statement i~ correct, a simple mathematical analysis was made (see 

the section on "Theo:ey" page 15.) Such a simple construction would not be 

possible if the shock wave produced by the moving charge were distorted 

(i.e. , not spherical )1. 

Since the original pap~r was presented .at the Seventh AXP Tripartite 

Conference, addition~l infor.mation has been obtained by D. J. Hinz, of the 
I 

Ballistic Research L~oratories, using a photographic method. A spherical 

charge of fiberglas-~einforced Pentolite was projected at approximately 1800 

feet pe!l second and detonated in flight as described under "Experimental 

Procedure," page 8 •. The detonating charge was backlighted by .means of an 

exploding wire placed at the focus of a 10-foot parabolic reflector. A 

camera facing in a d~rection normal to the line of flight and having a 

one ... microsec·ond eleci:lron1c shutter was synchronized with the exploding wire, 

and photographed the texpanding shock wave. A sample photograph is shown in 

Figure 7, in which tlie shock wave has reached a .diameter of approx:Lma.tely 

58 inches. Close ex~ination of the shock contour indicates that the shape 

is either spherical, or very close to it~ This infor.mation substantiates 

the statement made in the original paper that the shock wave remains spherical. 

The use of the above data, prior to publication by Mr. Hinz, is gratefully 

acknowledged, 
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